Abstract. Bendamustine, a hybrid molecule of a purine analog and alkylator, induces cell death by the activation of apoptosis and the DNA damage response. The agent MK615 is produced from Japanese apricot and contains a number of cyclic triterpenes that exhibit antitumor activities. In the present study, the combined effects of bendamustine and MK615 on lymphoma cells were investigated. The combined compounds synergistically induced apoptosis in all lymphoid cell lines examined. MK615 inhibited the bendamustine-induced phosphorylation of checkpoint kinase 1 and 2. As ataxia telangiectasia mutated (ATM) and ataxia telangiectasia-and Rad3-related (ATR) kinases are key mediators of the DNA damage response, the effects of the combination of bendamustine and ATM/ATR inhibitors (KU-60019 and VE-821) on lymphoma cells were investigated. KU-60019 and/or VE-821 potentiated bendamustine activity in all cell lines tested, but did not affect MK615 activity, suggesting that these inhibitors have the same underlying mechanism of action as that of MK615. The results of the present study suggest that it may be feasible to use ATM/ATR inhibitors in combination with bendamustine for treating malignant lymphoma.
Introduction
Bendamustine is a bifunctional alkylating agent that combines the alkylating properties of 2-chloroethylamine and the antimetabolite properties of a benzimidazole ring (1) . Bendamustine acts primarily as an alkylating agent that induces interstrand DNA cross-linking and subsequent strand breaks (2), but partial cross-resistance suggests that bendamustine has an alternative underlying mechanism of action from that of other alkylating agents (3, 4) . Results of previous clinical trials have demonstrated that bendamustine is safe and effective as a single agent for the treatment of chronic lymphocytic leukemia (CLL) (5) and rituximab-resistant low-grade lymphomas (6) . The clinical application of bendamustine has been extended to diffuse large B cell lymphoma (7) and aggressive lymphomas (8) . Although bendamustine as a monotherapy and in combination with rituximab appears to be useful in treating CLL and untreated indolent lymphomas (5, 9) , combined chemotherapy with other therapeutic agents is required for the treatment of relapsed cases and refractory malignancies including aggressive lymphomas.
Combined chemotherapy remains the primary approach for patients with hematological malignancies. Previous preclinical studies have demonstrated the combined effects of bendamustine with other anticancer agents (10) . Certain combinations have been applied clinically (11) , but a precise investigation of their effects is required for validation. To establish safer and more effective regimens, in the present study, a systematic screening for suitable drugs to be used in combination with bendamustine for use against intractable lymphoid malignancies was conducted and the underlying molecular mechanisms for the effects of favorable combinations were investigated. In total, >50 compounds and extracts were examined, including anticancer agents, differentiation inducers and inhibitors of oncogenic signal transduction. Potentiation of the growth-inhibitory activities of various agents in human lymphoma BALM3 cells in the presence of bendamustine was evaluated by isobogram analysis, as described previously (12) . As a result, it was identified that combinations of bendamustine and MK615, an extract of Japanese apricot, were favorable. Japanese apricot has been used for centuries as a traditional medicine and food in Japanese culture. Japanese apricot contains a number of chemicals, including citric acid, malic acid, cyanogenic glycosides and triterpenoids. MK615 is a sticky extract from Japanese apricot, called Ume in Japanese, and has been used for a number of years as an anti-inflammatory agent, for the treatment of intestinal disorders and as an antipyretic (13 (12, 14, 15) . MK615 markedly suppressed cutaneous metastases in a patient with advanced malignant melanoma (16) . These results suggest that MK615 may be useful for treating human malignant tumors. In the present study, the underlying molecular mechanisms for the synergism of MK615 and bendamustine were examined. The results of the present study may provide important information for the establishment of effective bendamustine-based regimens.
Materials and methods
Materials. MK615 (Misatol ® GL) was prepared as described previously (12) Cells and cell culture. Human B cell lymphoma (BALM3, SU-DHL-4, U698 M and SKW4), lymphoblastoid (BALM1) and myeloma (RPMI8226) cells were cultured in suspension in RPMI-1640 medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supplemented with 10% fetal bovine serum (BioWest, Nuaille, France) and 80 µg/ml gentamicin at 37˚C in a humidified atmosphere containing 5% CO 2 . The characteristics of the lymphoid cell lines used in the present study have been described previously (17) .
Assay of cell proliferation and viability. Cells were seeded at 1x10 5 cells/ml in a 24-well plate. Following culture with or without the test compounds for 2, 3, 4, 5, or 6 days, cell numbers were counted using a model Z1 Coulter Counter (Beckman Coulter, Inc., Brea, CA, USA). Cell viability was determined using either a modified MTT assay (12) or a trypan blue dye exclusion test using an automated cell counter (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Colony-forming assay. Cells (1x10 4 cells/dish) were plated into 1.1 ml semisolid methylcellulose medium containing 0.8% methylcellulose and 20% fetal bovine serum in triplicate for 14 days. A 0.1 ml volume of PBS containing various concentrations of MK615 and/or bendamustine was added to the semisolid medium. Images of colonies were captured using an inverted microscope.
Apoptosis assay. For examination of morphology, Cytospin slide preparations of >300 cells were stained with May-Grün-wald-Giemsa. DNA fragmentation was analyzed as follows:
Cells were collected following exposure to bendamustine and/or MK615, and DNA was extracted using an Apoptotic DNA Ladder Detection kit (Abcam Japan, Tokyo), according to the manufacturer's protocol. Equal amounts of DNA (1 µg) were analyzed by electrophoresis on 1.5% agarose gels stained with ethidium bromide.
For the Annexin V-binding assay, cells were labeled with fluorescein isothiocyanate-labeled Annexin V using an Annexin V-FITC kit (BioVision, Inc.). Following staining, cells were washed and analyzed by flow cytometry using a BD FACSCalibur™ instrument and BD CellQuest Pro (version 6.0) software (both BD Biosciences, San Jose, CA, USA).
Western blot analysis. Cells were packed following washing with ice-cold PBS and then lysed at a concentration of 1x10 7 cells/ml in lysis buffer (Sample Buffer; Wako Pure Chemical Industries, Ltd., Osaka, Japan). Protein concentration was quantified using Protein Quantification Kit-Rapid (Wako Pure Chemical Industries, Ltd.). Equal amounts of protein (10 µg) were separated by SDS/PAGE (10% gels) prior to transfer to a polyvinylidene fluoride membrane (Bio-Rad Laboratories), and then blocked with Block Ace (DS Pharma Biomedical Co., Ltd, (Osaka, Japan) for 60 min at room temperature. The membranes were incubated with anti-phospho (p) checkpoint kinase (Chk) 1, Chk1, pChk2, Chk2 and β-actin antibodies (nos. 2349, 2360, 2197, 6334, and 4970; Cell Signaling Technology, Inc.; dilution, 1:500) at 4˚C overnight. Active caspase-3 was examined by western blot analysis using anti-cleaved caspase-3 antibody (no. 9664; Cell Signaling Technology, Inc., Danvers, MA, USA; dilution, 1:500). All western blots presented are representative of ≥3 independent experiments.
Immunofluorescence. All procedures were performed at room temperature. Cells were fixed with 4% paraformaldehyde in PBS for 10 min, and then permeabilized with 0.3% Tween-20 for 15 min. Following fixation, cells were washed three times with PBS and then blocked with blocking buffer (1% bovine serum albumin in PBS) for 60 min. Cells were incubated with an anti-Rad51 (ab213; Abcam, Cambridge, UK) and anti-phosphorylated histone H2AX (γH2AX) (no. 9718; Cell Signaling Technology, Inc.) antibodies (both dilution, 1:100) for 60 min, washed with blocking buffer and incubated for 60 min with Alexa Fluor ® 488-conjugated anti-mouse and Alexa Fluor ® 594-conjugated anti-rabbit secondary antibodies (nos. 4408 and 8889; Cell Signaling Technology, Inc.; dilution, 1:100). Confocal images were captured using an inverted microscope (Olympus, Tokyo, Japan). All immunofluorescence experiments were repeated three times.
Statistical analysis.
Results are expressed as the mean ± standard deviation. Pairs of data were compared using Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
Combined effects of bendamustine and MK615 on the proliferation of lymphoma and myeloma cells. Bendamustine exhibited synergistic effects with MK615 in inhibiting the viability of BALM3 cells (Fig. 1A) . When the cells were treated with 6 µg/ml bendamustine alone, the cells continued to proliferate, although the viability was markedly decreased. Whereas MK615 at 3 µl/ml exhibited a limited effect on cell viability, proliferation was almost completely prevented by the combined treatment of MK615 and bendamustine (Fig. 1B) . At 5 days, viability was significantly decreased following treatment with bendamustine plus MK615 (Fig. 1C) . Similar results were obtained in the other lymphoma cell lines ( Fig. 1D and E) . RPMI8226 myeloma cells were less sensitive to bendamustine and the combination with MK615 was less effective (Fig. 2A) . A colony-forming assay indicated that the combination of bendamustine and MK615 completely suppressed colony formation by BALM3 cells, although bendamustine at 3 mg/ml had only a limited effect on colony formation (Fig. 2B) . As MK615 contains a number of triterpenoids that exhibit antitumor activities (15) , the effect of chemically defined triterpene on the proliferation of lymphoma cells was examined. The combination of bendamustine and ursolic acid, one of the major components of MK615, inhibited the proliferation of BALM3 cells (Fig. 2D) , but was slightly less effective than the combined effects of bendamustine and MK615 (Fig. 2E) .
Induction of apoptosis in BALM3 cells treated with bendamustine and MK615
. When BALM3 cells were exposed to 25 µg/ml bendamustine and 7.5 µl/ml MK615 for 24 h, morphological analysis revealed shriveled cells, chromatin condensation, nuclear fragmentation and cytoplasmic blebbing, whereas these morphological changes were rarely observed in cells treated with 25 µg/ml bendamustine alone (Fig. 3A) . The induction of apoptosis was confirmed by gel electrophoresis of DNA from cells exposed to bendamustine and MK615 (Fig. 3B) , induction of cleaved caspase-3 (Fig. 3C ) and the expression of Annexin V (Fig. 3D) . Annexin V-positive cells were induced by 6 µg/ml bendamustine, but MK615 had limited effect on Annexin V expression. MK615 markedly increased the bendamustine-induced Annexin V expression. After 48 h, PI + Annexin V + cells were 0.88, 1.11, 18.9 and 34.15% in untreated, MK615-treated, bendamustine-treated and MK615 plus bendamustine-treated cells, respectively (Fig. 3D) . The induction of Annexin V expression by bendamustine plus MK615 was significantly inhibited by the general caspase inhibitor Z-VAD-FMK (Fig. 3E) . These results indicate that combined treatment with bendamustine and MK615 effectively induced caspase-dependent apoptosis in BALM3 cells.
Effect of MK615 on the bendamustine-induced DNA damage response.
Alkylating agents including bendamustine activate a DNA damage response (10) . ATM and ATR are central to the entire DNA damage response and directly regulate at least two effector kinases: Chk1 and Chk2 (18) . We examined phosphorylation of the kinases in BALM3 cells treated with bendamustine for 6, 12, and 24 h. Bendamustine induced marked phosphorylation of Chk1 and Chk2 at 24 h, whereas MK615 did not (Fig. 4A) . MK615 substantially inhibited the phosphorylation of Chk1 and Chk2 between 12 and 24 h, although this inhibition by MK615 was not observed at 6 h, suggesting that bendamustine rapidly induced phosphorylation of the checkpoint kinases, and phosphorylation was gradually suppressed by MK615. Ursolic acid, one of the major components of MK615, also markedly inhibited phosphorylation of the kinases, as did MK615 (Fig. 4B) .
Effects of ATR/ATM inhibitors on bendamustine-induced proliferation inhibition of BALM3 cells. As Chk1 and Chk2
are phosphorylated by ATM and ATR (18) , the aforementioned results suggest that MK615 effectively inhibited the activities of ATM and/or ATR. Therefore, the effects of ATR and ATM inhibitors on bendamustine-induced proliferation inhibition were examined (Fig. 5) . VE-821 (an ATR inhibitor) and KU-60019 (an ATM inhibitor) significantly enhanced the bendamustine-induced proliferation inhibition of BALM3 cells (P<0.01), whereas these inhibitors exhibited a limited effect on MK615-induced proliferation inhibition (Fig. 5A) , suggesting that these inhibitors have the same mechanism of action as that of MK615. The combination of VE-821 and KU-60019 significantly increased the inhibition of bendamustine-induced proliferation compared with VE-821 or KU-60019 alone (Fig. 5B) . Similar results were obtained in other lymphoid cells, although the effects differed among the cell lines (Fig. 5C) .
Suppression of bendamustine-induced formation of Rad51
foci by MK615. BALM3 cells treated with bendamustine exhibited an early increase in the number of γH2AX, a marker of DNA damage, and of Rad51 nuclear foci, which are the sites of repair of DNA damage (Fig. 6A and B) . MK615 did not exhibit any marked effect on the number of γH2AX and Rad51 foci in the absence of bendamustine, but markedly increased the number of bendamustine-induced γH2AX foci. However, the number of bendamustine-induced Rad51 foci was not increased by MK615 (Fig. 6C) . As presented in Fig. 4C , bendamustine decreased the amount of Rad51 protein in BALM3 cells in the presence or absence of MK615. These results suggest that MK615 suppresses Rad51 assembly and stimulates its degradation, independent of DNA damage.
Discussion
Previous studies have investigated the combined effects of bendamustine and various agents on the activation of cell-death pathways in malignant cells. These agents have included navitoclax (an inhibitor of B cell lymphoma 2), everolimus (an inhibitor of mammalian target of rapamycin), SGI-1776 (an inhibitor of Pim kinase), entinostat (an inhibitor of histone deacetylase) and YM155 (an inhibitor of survivin) (19) (20) (21) (22) (23) . Entinostat was identified to enhance the bendamustine-induced phosphorylation of Chk2 (22), whereas YM155 inhibited the bendamustine-induced activation of the ATM signaling pathway (23) . The results of the present study indicate that MK615 inhibited the bendamustine-induced activation of the ATM and ATR signaling pathways. The formation of nuclear foci of Rad51 induced by bendamustine was effectively inhibited by MK615, suggesting that MK615 suppresses the DNA damage repair induced by bendamustine. A previous study indicated that MK615 markedly suppressed cutaneous in-transit metastasis in a patient with advanced malignant melanoma (16) . M615 significantly inhibited the proliferation of human pancreatic cancer cells as xenografts without apparent adverse effects and exhibited synergistic effects with gemcitabine (12) . In advanced cases and recurrence, the use of supplements is expected to augment the antineoplastic effects of cancer drugs. Various standardized extracts or fractions with anticancer effects or with adjuvant therapy in cancer treatment obtained from single or mixed herbs are accepted as dietary supplements and botanical drug products in the USA on the basis of current statutory regulations (24) . Certain supplements may enhance the inhibitory effects of anticancer agents on many cancers. Japanese apricot has been used for centuries as a traditional medicine and food in Japanese culture. MK615 is a supplement produced from Japanese apricot that may be a useful for treating human malignancies, and further studies are warranted to evaluate its clinical effectiveness and to elucidate its precise mechanism of action.
It is hypothesized that targeting ATR and ATM may selectively sensitize cancer cells, but not normal cells, to DNA damage, therefore selective inhibitors of ATM and ATR are currently in preclinical and clinical development (18, 25) . As these inhibitors and bendamustine synergistically inhibited the proliferation of lymphoma cells, combination therapy with bendamustine and ATM/ATR inhibitors may be useful in the treatment of malignant lymphoma. Further preclinical and clinical studies may lead to new possibilities in the therapy of lymphoid malignancies.
B lymphoma cells are sensitive to bendamustine, and the combined treatment with MK615 was more marked in B lymphoma cells. RPMI18226 myeloma cells were less sensitive to bendamustine and the combination with MK615 was less effective. Similar results were obtained in other myeloma cell lines and certain myeloid leukemia cell lines. These results suggest that the combined therapy may be useful in the treatment of B lymphoma. (C) Cells were untreated or treated with 10 µg/ml bendamustine, 6 µl/ml MK615, or 10 µg/ml bendamustine and 6 µl/ml MK615 in combination for 24 h. Representative microscopic images (magnification: A and C, x400; B, x800) of four independent experiments are presented. γH2AX, phosphorylated histone H2AX.
